(MIM) waveguides containing semi-circular ring shaped and rectangular ring shaped grooves are investigated theoretically in the 500 nm to 1700 nm wavelength range. By varying groove parameters their effects on the transmittance of the MIM waveguides are investigated. The results show that the transmittance spectra of the waveguides have maximum and minimum points, and by using appropriate parameters for the grooves it is possible to make the transmittance maximum or minimum at a required frequency. Therefore by using the ring shaped grooves in the MIM waveguides a frequency splitter is designed. The results show that the efficiency of an MIM waveguide containing the ring shaped groove for filtering a required frequency is higher than the efficiency of an MIM waveguide containing tooth shaped groove.
I. INTRODUCTION
Surface plasmon polaritons (SPPs) are electromagnetic excitations, i.e. electromagnetic waves coupled to the free electrons of a conductor, propagating along the interface of a dielectric and a conductor. These waves are confined to the interface evanescently in perpendicular direction [1] . The metal-insulator-metal (MIM) waveguides are the simple and primary types of waveguides that support propagation of SPPs with acceptable propagation length. The propagation length of the SPPs in MIM waveguides are limited due to loss in metallic layers, and techniques have been proposed to enhance their propagation length [2] . Owing to their wide applications these waveguides have been considered by many research groups [3] . Many structures based on MIM waveguides have been investigated such as: U shaped waveguide [4] , Y shaped combiners [5] , frequency filters and splitters [6, 7] , MachZehender interferometer [8] and plasmonic absorption switches [9] . Owing to the fact that surface plasmon waves are confined to the metal-dielectric interface, refractive index sensors [10] , DNA sequencing structures [11] , plasmonic nanoloop arry antenas [12] have been proposed and investigated theoretically or experimentally. Various structures for filtering an optical wavelength in plasmonic structures have been proposed and studied such as: a tooth shaped frequency filter which is an MIM waveguide with a rectangular groove [13] , a brag reflector which is an MIM waveguide containing rectangular grooves with different heights [14] , the MIM waveguides with triangular grooves [15] , and the trapezoidal resonator waveguide [16] . In these structures, groove dimensions and the material inside the groove are important, because variation in the dimensions and material affect the effective index of the groove, and the amount of the power entered into the groove [17] . In general, these structures work based on the phase difference between the wave propagating inside the MIM waveguide in straight direction and the part propagating inside the groove [18] .
In the reported MIM waveguide structures containing grooves for filtering purposes [13] [14] [15] [16] , the grooves interact through one edge with the wave propagating inside the MIM waveguide in the straight direction. It is expected that if grooves are designed so that the grooves interact with the wave through two edges, then the efficiency would be enhanced. For this purpose two new structures for filtering SPPs are proposed, and their transmittance at different frequencies are investigated. These structures are the MIM waveguides with semi-circular ring shaped and rectangular ring shaped grooves. By varying groove dimensions, the effect of groove parameters affecting the transmittance of the waveguides has been investigated. Also by using semi-circular ring shaped grooves a frequency splitter has been designed which directs the required wavelength at a desired direction.
II. SIMULATION MODEL
The proposed waveguides have been shown in Fig. 1 . In this figure the yellow colored areas are metal (silver) and the white ones are dielectric (air). Normally a function based on the Drude model is used for the dielectric constant of silver [19] . In order to improve the results, in this paper experimentally measured data reported by Johnson and Christy [20] has been interpolated and used as the dielectric function of silver. Dielectric constant of air is one. Figure 1(a) shows an MIM waveguide with a semi-circular ring shaped groove. In order to the average length of the semi-circular ring shaped groove to be Leff (the length of dashed line inside the groove) and its thickness to be ws, then in Fig. 1(a) it is required that   Figure 1(b) shows an MIM waveguide with a rectangular ring shaped groove. For calculating transmittance, the power incident on the port A and the power passing through the port B are calculated. The ports are placed at a distance of 'd' from the grooves. A part of the SPPs propagating in the waveguide when reaches to the first edge of the semi-circular ring shaped groove or rectangular ring shaped groove, enters into the groove and the remained part propagates in the straight direction. The part of the wave propagating inside the groove travels longer distance than the part traveling in the straight direction. Therefore when both parts reach to the second edge of the groove there will be a phase difference between them. If the phase difference is even numbers of π, they will interfere constructively and the transmittance will be high, but if the phase difference is odd numbers of π, they will interfere destructively and the SPPs wave will not propagate through the waveguide and will be reflected back. This behavior causes the transmittance spectrum of an MIM waveguide containing the groove to have maximum and minimum points. For simulating the waveguides shown in Fig.  1 , the Helmholtz equation, Fig. 1 a TM polarized wave (Magnetic field H of the wave in z direction, i.e. perpendicular to paper surface) with frequency ω excites the entrance of the waveguide (Port A). Then the propagation of the wave inside waveguide is simulated by using Eq.1, where finite element method is used with using a commercial software. The TM wave is used because only TM waves can propagate in MIM plasmonic waveguides [1] .
III. SIMULATION RESULTS
Figure 2(a) shows the transmittance spectrum of the waveguide shown in Fig. 1 (a) when Leff=200 nm, w=50 nm, d=100 nm, and ws=50 nm. As the figure shows the transmittance of the waveguide when Leff =200 nm is negligible for the wavelength of 519 nm, and the maximum of transmittance with a value of 79.5% is at the wavelength of 868 nm. Figure  2(b) shows the transmittance of the semicircular ring shaped groove itself as a function of Leff at =868nm, where the transmittance is maximum. The transmittance of the groove is oscillatory as a function of Leff with a general trend of decrease, which is due to the increase in loss with the increase of path length. The oscillatory nature of the transmittance with Leff is due to the reflectance from the both ends of the groove and the standing waves that form inside the groove at appropriate values of Leff. d=100 nm, w=50 nm, wd=100 nm, and ws=50 nm. In this case there is an absolute transmittance maximum with a value of 84.5% at 610
  nm and two minimum points at 738   nm and 1022
 
nm. Results of simulations, not presented here, show that similar to the transmittance of semi-circular ring shaped groove, the transmittance of rectangular ring shaped groove itself at a fixed value of wavelength varies oscillatory with a general trend of decrease as 'h' and 'w' increase. Fig. 3 . Transmittance spectrum of the waveguide shown in Fig. 1(b) where w=50 nm, d=100 nm, h=200 nm, wd=100 nm, and ws=50 nm. Figure 4 shows the energy density inside the waveguide shown in Fig. 1(a) for 519   nm and 868
nm where the transmittance spectrum is maximum and minimum respectively. As the figure shows at 519   nm the wave does not propagate after the semi-circular ring shaped groove, while the wave propagates after the groove at 868   nm. Figure 5 shows such a behavior for the waveguide shown in Fig. 1(b) at 610   nm and 738
nm where the transmittance spectrum is maximum and minimum respectively.
In the following sections the effect of the semi-circular ring shaped and the rectangular ring shaped groove parameters on the transmittance of MIM waveguides containing the grooves are investigated. Fig. 1(a) where Leff =200 nm, w=50 nm, d=100 nm, and ws=50 nm for the wavelengths: 
A. The Effect of Semi-Circular Ring Shaped Groove Parameters on Transmittance
In order to investigate the effect of radius of semi-circular ring shaped grooves on transmittance, Leff in Fig. 1(a) is varied. Figure  6 shows the transmittance spectra of the structure shown in Fig. 1(a) for different values of Leff where w=50 nm, d=100 nm and ws=50 nm. As the figure shows with the increase of Leff, the transmittance spectrum is shifted toward longer wavelengths. Fig. 6 . Transmittance spectra of the waveguide shown in Fig. 1(a) for Leff =200 nm, Leff =300 nm, and Leff =400 nm, where d=100 nm, w=50 nm, and ws=50 nm.
Varying the thickness of semi-circular ring shaped groove varies the effective refractive index of the groove which varies the wavelength of light inside the groove and the amount of the power entered into the groove. Therefore the transmittance of the groove is as a result of variation in both effective index and the amount of power entered into the groove. Figure 7 shows the transmittance spectra of the waveguide shown in Fig. 1(a) at ws=25 nm and ws=50 nm, where Leff =300 nm, w=50 nm, and d=100 nm. As the figure shows the value of transmittance at maximum points increase with the increase of the thickness of the semicircular ring shaped groove. The reason is that with the increase of the thickness, the loss of the groove decreases. In order to investigate this point, the transmittance of the semicircular ring shaped groove itself was calculated at two different thicknesses. The transmittance was 57% for ws=25 nm and 83% for ws=50 nm, indicating that with the increase of thickness, loss of the groove decreases. Fig. 7 . Transmittance spectra of the waveguide shown in Fig. 1(a) for ws=25 nm and ws=50 nm where d=100 nm, Leff =300 nm, and w=50 nm. Figure 8 shows the effect of the height of rectangular ring shaped groove (h) on the transmittance of an MIM waveguide containing the groove. With the increase of 'h' the path difference between the wave travelling inside the groove and the wave travelling in straight direction increases, so the maximum and minimum points on the transmittance spectrum are shifted toward longer wavelengths. In addition with the increase of 'h' the values of transmittance at maximum points increase as well. The reason is that the transmittance of the rectangular ring shaped groove itself as a function of 'h' has an oscillatory nature, similar to the one shown in Fig. 2(b) for semi-circular ring shaped groove, and for the ranges of 'h' considered in this study it is on the increasing part of the curve which overcomes the loss due to metallic layers with increasing path length. Fig. 1(b) the width (wd) of the rectangular ring is varied, then the path difference between the wave propagating inside the groove and the part of the wave propagating in straight direction will increase which makes the transmittance spectrum to vary. Figure 9 shows such a variation where with the increase of 'wd' the spectrum is shifted toward longer wavelengths. Figure 10 shows the transmittance spectra of the waveguide shown in Fig. 1(b) when the thickness of the rectangular ring (ws) is varied.
B. The Effect of Rectangular Ring Shaped Groove Parameters on Transmittance

If in
With the increase of 'ws' the effective index of the ring decreases, so the optical path difference between the wave inside the ring and the wave propagating in straight direction decrease as 'ws' increases. Therefore in this case with the increase of 'ws' the transmittance spectrum is shifted toward shorter wavelengths. Fig. 8 . Transmittance spectra of the waveguide shown in Fig. 1(b) for h=200 nm, and h=300 nm, where w=50, wd=100 nm, ws=50 nm, and d=100 nm. Fig. 9 . Transmittance spectra of the waveguide shown in Fig. 1(b) for wd=100 nm, and wd=150 nm, where d=100 nm, w=50 nm, ws=50 nm, and h=200 nm. Fig. 10 . Transmittance spectra of the waveguide shown in Fig. 1(b) for ws=50 nm, and ws=25 nm, where d=100 nm, w=50 nm, wd=100 nm, and h=200 nm.
IV. TRANSMITTANCE OF ARRAY OF GROOVES
In this section the effect of a few grooves in an MIM waveguide on the transmittance of the waveguide is investigated. Figure 11 shows an MIM waveguide with three semi-circular ring shaped grooves. The transmittance of this waveguide when d=100 nm, w=50 nm, and Leff =300 nm was calculated, the transmittance was maximized at maximum points when the distance between the semi-circular rings was equal to 'w'. Fig. 11 . An MIM waveguide with three semicircular ring shaped grooves, where d=100 nm, w=50 nm and effective length of each semi-circular ring is Leff =300 nm.
At the points where the transmittance of an MIM waveguide with one semi-circular ring shaped groove is zero, the transmittance of the MIM waveguide with numbers of semicircular ring shaped grooves become zero in a broad range of wavelengths around those points, as shown in Fig. 12 . The same effect was observed for the transmittance of an MIM waveguide with numbers of rectangular ring shaped grooves. Fig. 12 . Transmittance spectra of the waveguide shown in Fig. 11 with one and three semi-circular ring shaped grooves.
V. DESIGNING SPLITTER BASED ON RING SHAPED GROOVES
As was studied in previous sections the transmittance of an MIM waveguide containing ring shaped grooves becomes zero at some wavelengths, and by choosing appropriate parameters for the structure of grooves it is possible to design an appropriate MIM waveguide so that to transmit or block a required wavelength. By choosing appropriate parameters it is possible to design the same splitter with rectangular ring shaped grooves as well. 
VI. COMPARING MIM WAVEGUIDES
WITH DIFFERENT GROOVES Figure 15 shows an MIM waveguide containing a tooth shaped groove. The MIM waveguide with tooth shaped groove has been studied in reference [13] . The advantage of MIM waveguides containing the ring shaped grooves relative to tooth shaped groove is that for a required wavelength to have minimum transmittance the MIM waveguides containing ring shaped grooves, as was studied in previous sections, work more efficiently than the MIM waveguide containing tooth shaped groove. For example if in Fig. 1 and in Fig. 15 d=100 nm, w=50 nm, and ws=50 nm are chosen, and the required wavelength for minimum transmittance is 570   nm, then it is required that for the waveguide shown in Fig. 1(a) Leff =300 nm, for the one shown in Fig. 1(b) wd=100 nm and h=189 nm, and for the waveguide shown in Fig. 15 h=353 nm are chosen. With these parameters the reflectance of the waveguides shown in Fig. 1(a), Fig. 1(b) and Fig. 15 are 93%, 93.7% and 86% respectively, so the MIM waveguides with ring shaped grooves reflect the required wavelength much more than the MIM waveguide with tooth shaped groove. This indicates that ring shaped grooves block the transmission of a required wavelength more efficiently. 
VII. CONCLUSION
The transmittances of MIM waveguides containing semi-circular ring shaped and rectangular ring shaped grooves were studied. The transmittances are zero at some wavelengths, and more than 90% at some other wavelengths. This indicates that these waveguides can be used as filters. The structural parameters of the grooves affect the optical path difference between the part of the wave propagating inside the grooves and the part propagating in straight direction. Therefore the wavelengths of maximum and minimum points on the transmittance spectra depend on the grooves structural parameters. By using this fact a frequency splitter based on a T-shaped MIM waveguide containing semicircular ring shaped grooves has been designed. Comparing the obtained results show that MIM waveguides containing semicircular and rectangular ring shaped grooves have higher performance on filtering surface plasmon waves relative to MIM waveguides containing tooth shaped grooves. Therefore the MIM waveguides containing ring shaped grooves can be used for fabricating efficient wavelength splitters. 
